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ABSTRACT

Introduction:
NASA has expressed a need for a new method of treating upper extremity
fractures on long range exploration missions. Currently, fiberglass casts are the gold
standard for fracture treatment on Earth, but there is little to no research into alternative
methods to treat/secure more serious fractures on long range. For this study vacuum
sealed particulate was considered as a possible casting material. The aim of this study
was to identify candidate particulates and quantify their stabilization effectiveness, create
designs that incorporated the vacuum sealed particulate, and test therapeutic ultrasound’s
ability to penetrate the material.

Materials and Methods:
Samples were made that contained four different potential cast materials: ground
coffee, sawdust, green clay powder and bentonite clay powder. Three point bending was
conducted on the sample groups using an Instron to gather load/displacement. Control
samples made of standard fiberglass were also tested. The design chosen to house the
particulate was a wrap. The wrap was sectioned off into a four and eight well design and
tested in three point bending. Piezo-electric transducers were used to output an ultrasound
pulse through samples of varying thicknesses. The transducers were connected to an
oscilloscope to show the amount to signal able to pass through the samples. Amplitude of
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each signal was measured and compared to a control (piezo-electric discs touching in
water).

Results:
Elastic moduli of the four materials were compared and we saw that the coffee
consistently showed a higher elastic modulus throughout testing. For this reason, along
with other material properties found in literature, we concluded that coffee was the most
fitting cast particulate out of the four materials. The load/displacement data for the wrap
design was represented graphically and correlations were found between the stiffness of
the layered wrap designs and the stiffness of thicker samples. For the ultrasound testing it
was found that the ultrasound waves were not able to effectively penetrate the particulate
layers.

Discussion and Conclusion:
Development of a new and effective casting technique will increase the safety of
astronauts as NASA expands their program to include long range space missions. This
study shows the material properties of the particulates as well as the potential
effectiveness of a vacuum sealed cast.
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CHAPTER ONE
INTRODUCTION

NASA’s the Human Research Program (HRP) is responsible for addressing the
health and performance risks that might accompany space exploration missions through
fundamental research and the development of technologies and countermeasures. One of
the elements within the HRP, the Exploration Medical Capability (ExMC) Element,
focuses on establishing evidence-based methods for monitoring and maintaining
astronaut health during space missions. The ExMC Element works to close several Gaps
that represent the various medical challenges that NASA needs to address to enable
future space exploration missions. The experiments outlined in this report are focused on
advancing the closure of ExMC Gap 4.06 which deals with bone fracture in space. [1]
Extended time in microgravity causes bone mineral loss in astronauts due to the
offloading of the skeleton. This loss occurs at a rate of approximately 1-2% each month,
and the demineralization of the bones is most common in weight-bearing areas such as
the calcaneus, tibia, pelvis, lumbar vertebrae, femoral neck, and trochanter. In addition to
a loss in BMD, an astronaut will also experience a change in bone geometry causing
further instability. Both of these factors increase the astronaut’s fracture susceptibility.
[2][3][4]
The 1-2% BMD loss is based on a typical 4-6 month mission aboard the
International Space Station (ISS) and is experienced at a constant rate; however, it is not
known whether this rate will remain constant for missions lasting more than 6 months or
in fractional gravity environments like the moon and Mars. [5][6] The level of bone loss
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currently experienced by astronauts is not considered unacceptable, but as missions
increase in duration the risk of fracture could also increase.

NASA ExMC Gap 4.06
Within the ExMC Gap 4.06 NASA states that “we do not have the capability to
stabilize bone fractures and accelerate fracture healing during exploration missions”. [1]
The treatment of a fractured bone on earth can include splints, casting or surgical fixation
depending on how severely the bone was injured. However, surgical fixation in space is
very unlikely, and if such a treatment is required the astronaut will most likely be
returned to Earth. Distal radial fractures are the most likely to occur and currently involve
treating the patient terrestrially with closed reduction and casting. [11] Splinting is
currently the only treatment that can be performed aboard the ISS. The medical kit
aboard the station contains a Structural Aluminum Malleable splint (SAM splint) and a
finger splint. [1]
Currently, casting is not an available treatment aboard the ISS. Traditional casting
methods on Earth include Plaster of Paris and the more conventional Fiberglass.
However, several problems arise when trying to use these methods in space. The primary
concerns with Plaster of Paris are that the heat that comes from the exothermic reaction
of the materials has the potential to cause burns, the dust used to make the cast is harmful
if inhaled or swallowed, and it requires water to activate the materials. [12] Fiberglass
presents similar concerns such as needing water to activate the material, but there are also
other issues like the fact that polyurethane resins with isocyanate end groups have the
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potential to cause skin sensitization. [13] Both of the conventional casting methods also
pose issues when it comes to removing them from the patient. The casts, once hardened,
would require a saw to remove them, and that creates dust that could contaminate the
atmosphere. [12] For these reasons there is a need for a modification of existing casting
methods or a new casting technology. This study involves the development of a casting
system based on vacuum sealed particulate.

Probable Fractures in Space
NASA’s Exploration Medical Condition List, accessible from the NASA Human
Research Wiki, provides a clinical priority scale that determines whether a specific
medical condition shall be addressed, should be addressed or will not be addressed
(scaled 2-0 respectively). Information for the list is derived from medical checklists,
flight data, and medical incidence data. The list also takes into account the probability of
the medical condition occurring on missions lasting 14 days (Lunar Sortie), 6 months
(Lunar Outpost), and 1 year (Near-Earth Asteroid). As an example, upper extremity
fractures receive a rating of 0 (not addressed) for Lunar Sortie missions and 1 (should be
addressed) on missions including and exceeding 6 months. [14] A rating of 1 means that
if there are means and resources to treat the condition it should be addressed. For the
Lunar Sortie missions an upper extremity fracture could be managed effectively until the
crewmember could be returned to Earth due to the short duration of the mission. On a
Near-Earth Asteroid mission, while it is not likely that a crewmember will sustain more
than minor musculoskeletal trauma or strain, it has been determined by NASA that there
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is potential for fractures occurring in the smaller bones of the hand and wrist. [14] These
types of injuries would require treatment beyond what is currently available, and due to
the lengthy nature of the mission return to Earth is impossible. Therefore it is
recommended that diagnostics and treatment be developed for these injuries, if
mass/volume allow, to avoid potential detriment to the mission. [14]
Although Hip/lower extremity and spine fractures would be serious conditions,
and might be thought to be more likely given the documented bone mineral density
changes in the lower extremities, they received ratings of 0 (not addressed) on all mission
durations. “Not addressed” implies that the condition is very unlikely to occur or current
technologies or trainings have eliminated the risk. [14] The information presented in this
document reinforces the need for treatment of upper extremity fractures over other
fracture types for long range space exploration missions.
Analysis of the probability of wrist fractures in space during Lunar and Martian
missions put them as the most likely to occur (5-8%), proving more likely than fracture of the
hip/ lower extremity and lumbar spine. [15] [16] The most likely scenario for these fractures
to occur is during impacts while the astronaut is on spacewalks. This is due to the natural
reflex to brace oneself for the impact of a fall or collision by stretching out an arm. Although
this active response would save the hip from fracture in the case of a side fall it would lead to
a much greater risk of fracturing the wrist. [15] Research shows that falls from a height
greater than 0.6 m carry a much higher risk for wrist fracture. This is due to the fact that
above this height, under Earth’s gravity, the wrist experiences peak forces that exceed the
distal radius’s average fracture force. [18] As the fall height is increased it causes a
significant increase in the upper extremity fracture force. [19] In addition to bone mineral
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loss, factors such as fatigue, coordination and disorientation can all lead to increased risk of
falling and fractures while in the habitats or on spacewalks. [20]
Computational models have also suggested that wrist fractures will continue to be a
high risk in space. [16] Fracture locations of interest include hand (metacarpal), wrist
(proximal radius), mid-shaft radius, and humerus (upper arm). These all have potentially
different fracture mechanisms (impact, crush, torsion, bending) and could have resulting
differences in type of fracture (compaction, transverse, spiral). In cases where a stable
fracture occurs splints can be used to stabilize the injury; however, if an unstable or
potentially unstable fracture occurs (such as a segmental or spiral fracture) casting is usually
required. If splints are used to stabilize an unstable fracture further injury can occur due to
excess motion of the fracture site. [17] [21]

Ultrasound Therapy for Accelerated Bone Healing
Research has shown that applying ultrasound to an injured bone can stimulate
bone healing and regeneration. [22][23] Ultrasound is able to easily travel through liquids
and uniform solids, but encounters resistance when traveling through air or irregular
solids. This is due to the lower acoustic impedance of air and the nature of irregular
surfaces to scatter and weaken the ultrasound signal. [29] For these reasons, gels are
required to bridge the object you are trying to image to the ultrasound probe, and when
ultrasound encounters imperfections within an object the waves are deflected. [28]
Numerous animal and clinical studies have shown that the use of Low Intensity Pulse
Ultrasound (LIPUS) accelerates the normal fracture repair process and causes a
significant decrease in the clinical healing time. [24][27] LIPUS uses pulses at a width of
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200 μs and a frequency of 0.75-1.5 MHz. Ultrasound at a frequency of 1 MHz can
penetrate through tissue to a depth of 2.5-5 cm, while a frequency of 3 MHz can penetrate
to a depth of 1.5 cm. At higher frequencies more of the energy is absorbed superficially.
[28] These pulses are repeated at 1 kHz with an intensity of 30 mW/cm2. Patients are
generally treated with LIPUS for 20 min/day, and a coupling material (such as ultrasound
gel) must be used when the probe is in contact with the skin. [25]
Studies show that LIPUS can improve the mechanical properties and robustness
of the callus that forms at the fracture site, and examination of fracture sites treated with
LIPUS also shows a significant increase in new bone formation. [25][27] It is believed
that LIPUS could be influencing cellular responses at different stages of the fracture by
acoustic streaming or by causing micro-motion and producing mechanical stimulation.
[26][27] An increase in angiogenesis was found in fractures that were treated with
LIPUS, and it was believed to be caused by an up-regulation of vascular endothelial
growth factor. [27]
Low Intensity Pulsed Ultrasound is an FDA approved treatment for fresh fractures
and established non-union fractures. [27] The therapy has proved ineffective on intact
bone and thus cannot be used to prevent fracture. It has been suggested that the rate of
LIPUS energy absorption is proportional to tissue density gradients; therefore, the
therapy is not effective in areas such as solid bone and patellar tendinopathies. [27] This
study will be examining how well ultrasound waves, at a frequency in the range of
LIPUS, can pass through a certain materials and to what degree. This will tell us whether
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ultrasound treatment can be performed through a new cast design or if it must be
integrated into the design.

Previous Work
Previous tests have been conducted in order to determine the material properties
of vacuum sealed particles. These tests involved filling a flexible cylindrical sheath with
granules and evacuating the air from the construct. Once the air was evacuated from the
samples they would become rigid, and uniaxial tensile tests were then performed to
ascertain stress and strain of the material. The granules used in the experiments were
uniform cylinders ½ mm in diameter and composed of various plastics. It was
emphasized in these tests that the particles used be identical shapes and dimensions.
When the vacuum pressure was increased on these granular samples a trend was observed
where the elastic modulus of the sample material also increased. [30] [31]
Little characterization has been done to compare the material properties of
fiberglass used in medical casting to novel or modified casting materials. In the past,
three point bending has been performed on samples of fiberglass in order to compare
their properties to Plaster of Paris or other types/brands of fiberglass. For those tests the
fiberglass material was wrapped around a tube or solid core. [32]
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CHAPTER TWO
MATERIALS AND METHODS

Quantification of Stabilization Effectiveness
Materials Selection
Before proceeding with the design of a vacuumed particulate based casting
system a material had to be chosen as the main component of the design. The material or
particulate chosen to fill the cast needed to adequately interlock with itself when placed
under a vacuum to form a rigid structure. In addition, the material needed to be lightweight to keep the cost of sending it up into space as low as possible. Literature has
found that three main factors affect the packing density, stiffness, and strength of soils
and sands: sphericity, roundness, and smoothness. Figure A-1 depicts a chart showing
how different values of sphericity and roundness are calculated and how those values
translate to particle shape. Smoothness depends more on the surface texture relative to the
radius of the particle. Literature states that the surface of the particle can greatly influence
the friction between the particles as they interact. The smoother a surface the less friction
there will be when it interacts with other surfaces. [33] Void ratio characterizes how well
a particle packs together with emax corresponding to the particles being packed in their
loosest state and emin corresponding to the particles’ densest packed state. A lower void
ratio means that the particles are interlocking together more effectively but does not
necessarily mean the lowest sphericity and roundness. Very low sphericity can cause
particles to lie over gaps causing large voids. [7] Studies have been done giving the
material properties of various particles showing their roundness, sphericity and emax/ emin.
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Four materials were chosen to compare their material properties: ground coffee,
bentonite clay powder, green clay powder, and sawdust. All the materials were chosen
based on their variable sphericity, lighter weight, and lower cost while materials with
good packing but higher weight (like granite powder) were excluded. Literature exists
analyzing the particles of ground coffee and instant coffee, and they were found to have a
very variable sphericity ranging from .0.2-0.9. [9] Although there is no literature defining
the sphericity of sawdust, the fact that it is produced via rough grinding suggests that it
would have a similar particle shape to the ground coffee. The two clay powders have a
sphericity of 0.3-0.7 and a variable roundness. [8] Clays were chosen as a possible
mineral/non-organic substitute for the other materials and were lighter than other sands or
ground stone. The variable sphericity and roundness is a desirable trait for particle
interlocking. Research suggests that particles of different size and shape allow voids that
could potentially form to be filled more completely with different shaped/sized particles.
Particles with a lower emax/ emin generally have sphericity and roundness values ranging
from 0.2-0.5. [7]
All four materials were weighed at a constant volume to determine their density.
It is essential that the material chosen has a low weight to volume ratio because of the
cost of sending heavier material into space.

9

Material
Sawdust
Coffee
Green Clay
Bentonite Clay

Density (g/ml)
0.3
0.344
0.904
0.988

Table 2.1: Comparison of Material Density

Images were taken of the four materials using a Huvitz optical microscope to
show the particle shape and surface roughness and are shown in figures 2.1-2.4. Larger
views of the particle packing behavior are pictured as well as close up views of the
particle shape.

Figure 2.1: Ground Coffee Microscope Images
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Figure 2.2: Sawdust Microscope Images
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Figure 2.3: Green Clay Microscope Images
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Figure 2.4: Bentonite Clay Microscope Images

Bulk versions of each material were also tested using a Vickers Microindentation
Hardness Test to determine their hardness. Literature values for wood were used for
sawdust while a coffee bean and the clay powders mixed with water (and allowed to dry)
were tested as the bulk versions of the other materials. The test force used was 5 N and
the test results for wood from literature were also obtained at 5 N. For the clays and
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coffee, ten hardness values were obtained and averaged to get overall hardness. The
results are shown in table 2.2.

Material
Cherry
Maple
Walnut

Wood
Coffee Bean
Green Clay
Bentonite Clay

Hardness (Vickers)
9.687 HV
3.161 HV
7.954 HV
12.84 HV
10.92 HV
12.68 HV

Table 2.2: Hardness of Bulk Versions of the Materials (Vickers Hardness Scale)

Fabrication of Samples
Cylindrical Vacuum Samples
The four materials were then prepared into cylindrical samples to be evaluated
using three point bending while under a vacuum in order to ascertain their material
properties and to compare their stiffness and elastic modulus under vacuum conditions.
The material used to house the particulate was 2”x500’ 4 Mil Anti-Static Poly Tubing (a
non-corrosive heat sealable polyethylene) (ULINE, S-15328), and a Tabletop Poly Bag
Sealer-Impulse (IMPULSE SEALER, Model PFS-300) was used to seal the tubing into
the correct shape. Figure 2.5 depicts the sample design and dimensions. Sections of the
polyethylene were cut to size and sealed using the heat sealer. The top section was left
open to allow the vacuum to be applied to the samples. The different particulates were
packed into the polyethylene bags using a rod to press the material down in order to
ensure uniform distribution of the particles. Figure 2.6 shows the completed samples.
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Figure 2.5: Particulate Sample Design for Material Selection for use in Three Point
Bending While under Vacuum

15

Figure 2.6: Coffee and Sawdust Cylindrical Particulate Samples

All measurements were taken using a digital caliper with an accuracy of ± 0.01
mm. It is essential that all the samples maintained the same cross sectional area to ensure
uniformity. Figure 2.7 shows the calculation of the samples’ cross sectional areas that
were used in future calculations to determine the material properties of the samples. Five
cylindrical samples (with an elliptic cross sectional area) were made containing each of
the four types of particulate for a total of twenty samples.
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Figure 2.7: Calculation of the Cross Sectional Area of the Particulate Samples

Cylindrical Vacuum Samples with Added Particulate
Separate cylindrical samples were also made that combined the coffee particulate
filling with different sized beads. Ten samples were made in total with five containing a
50:50 volume ratio of coffee particles to 0.6 mm circular glass beads. The other five
samples contained a 50:50 volume ratio of coffee to 3 mm circular polystyrene plastic
beads. These samples were made to see whether adding different sized particles affected
the elastic modulus of the material. All ten of these samples were made with the same
measurements and dimensions as the previously mentioned particulate samples. Figure
2.8 shows completed samples.
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Figure 2.8: Coffee Particulate Samples with Added Particles (Large Particles = Top,
Small Particles = Bottom)

Rectangular Vacuum Samples
Rectangular particulate sheet samples were made for later comparison to
fiberglass samples of the same geometry. The particulate used for these samples was
coffee and figure 2.9 shows the sample design. The material used to house the particulate
was the same polyethylene sheath used for the previous samples, and the containment
material was heat sealed to the specified dimensions. One end of the samples was left
open, similar to the precious cylindrical samples, so that a vacuum could be applied
during testing. The amount of coffee particulate in each these rectangular samples was
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9.05 grams, and this particulate was evenly distributed throughout the sample to achieve
a uniform thickness.

Vacuum Pump
The vacuum used in these experiments was the ME 1C Vacuum Pump from
Vacuubrand and an Ashcroft Vacuum Regulator (0-30 in Hg, 2cfm max capacity, EW07061-30) was used to control the amount of vacuum applied to the sample. Stiff tubing
was used to connect the pump to the regulator and the regulator to the sample. A layer of
cloth was placed over the end of the tube exposed to the sample to ensure the particulate
did not get pulled into the regulator. The end of the tube was placed against a control
surface, such as a section of skin, to ensure the filter cloth did not decrease the overall
vacuum being produced. The vacuum produced a max pressure of 22 in Hg when placed
against the control surface so that was set as the peak vacuum pressure.

Fiberglass Control Samples (Rectangular and Cylindrical)
Control fiberglass samples (Scotchcast Plus, 82002) were made to compare to the
vacuumed particulate samples. Two types of fiberglass samples were made: stacked
rectangular sheets (five layers total) and rolled samples that were the same diameter as
the cylindrical particulate samples. The length of the rolled samples was the width of
standard fiberglass casting wrap (approximately 60 mm). The rectangular samples were
five layers thick due to the fact that when physicians apply a standard fiberglass cast the
wrist of the patient can be wrapped anywhere from 4-6 times. [10] Figure 2.9 shows the
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design of the samples and figure 2.10 shows the completed samples. Six of the
rectangular sheet samples were made and five of the rolled samples were made to test
using three point bending. The rectangular fiberglass samples provided a 1:1 structural
comparison to the rectangular particulate sample while the cylindrical fiberglass provided
a 1:1 structural comparison to the cylindrical particulate sample.
Table 2.3 lists all of the different samples made for testing.

20

Figure 2.9: Design of Rectangular Particulate Sheet Sample and Fiberglass Control
Samples
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Figure 2.10: Completed Fiberglass Samples – Both Cylindrical and Rectangular
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Samples

Pictures

Cylindrical Vacuum Samples

Cylindrical Vacuum Samples with Added
Particles

Rectangular Vacuum Sample

Rectangular Fiberglass Control Samples

Cylindrical Fiberglass Control Samples

Table 2.3: List of Samples Made for Testing
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Instron Testing
Once the different samples were made, they were tested using three point bending
to obtain load vs displacement data. The particulate samples, both the cylindrical samples
and the rectangular sheet samples, were hooked up to the vacuum pump individually
before testing. The tube with the filter cloth over it was inserted into the open section of
the plastic that housed the material. The excess gap between the tube and the plastic was
sealed tightly using tape. It was ensured that once the vacuum pump was turned on that
the vacuum being measured by the regulator was still the max pressure of 22 in Hg
(showing that no air was leaking into the sample). The machine used to perform the tests
was the Instron model 4502 with a 10 kN static load cell using Series IX Automated
Materials Tester software Version 8.34.00. The test method number was Flexural 60 with
the label set at 10 mm min 1/8, the input and result units were SI, and the machine control
was standard. The span between the two bottom rolling pins was 50 mm when testing the
particulate samples and fiberglass samples, and the test continued until the samples
deformed a total of 10 mm. Figure 2.11 shows the testing setup for a cylindrical vacuum
sealed particulate sample and figure 2.12 shows a close up of the rectangular particulate
sheet sample. All vacuumed samples used the same setup shown below.
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Figure 2.11: Instron Three Point Bending Test Setup

Figure 2.12: Three Point Bending of a Rectangular Particulate Sample

25

The settings for the Instron were the same as those previously mentioned when
testing the fiberglass samples. The span was also 50 mm for these samples, but the
cylindrical samples were only deformed 5 mm while the rectangular sheets were
deformed 10 mm.
One of the cylindrical coffee samples was also tested using three point bending
under varying vacuum pressure. This was done to see if the data collected from the
material testing responded linearly when the applied vacuum was decreased. The setup
and parameters were the same as the previous tests (with a deformation of 10 mm), but
the vacuum was decreased in five different tests to the following pressures: 22 in Hg, 15
in Hg, 10 in Hg, 5 in Hg, and 0 in Hg. The regulator was able to decrease the vacuum via
a valve that was controlled by a knob on the side of the gauge. Each time the test was
concluded, the sample was removed and readjusted/measured to ensure it returned to its
original dimensions. The sample was then placed back in the Instron for testing at another
pressure.
The load/displacement data for all the three point bending tests was saved and the
txt files were imported to Excel for analysis. Stress, strain, and elastic modulus were
calculated for each material and stress/strain curves were produced for each of them (in
addition to load/displacement curves). The equations used to calculate those values are as
follows:
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In addition, an ANOVA statistical analysis was performed, along with a two keys
test, to determine whether the elastic moduli of the four potential casting particulates
(coffee, sawdust, green clay, and bentonite clay) were significantly different from one
another. The same analysis was performed to determine if the elastic moduli of the
cylindrical coffee samples with the added particles were significantly different from the
control cylindrical coffee samples. Figures B-1 and B-2 show that analysis in detail.

Design Options for Multiple Location Fracture Stabilization
Design Process
Many design options were considered when deciding how to incorporate the
vacuum sealed particulate into a casting system. In the end a thin bandage style wrap was
chosen so that it could be used to treat multiple areas. The wrap used the same
polyethylene sleeve that was used to house the three point bending samples and had
dimensions of 2.25 in by 9 in. These dimensions correspond to smaller samples that
would be used for testing. As the plastic sleeve was filled with the particulate it was
noticed that the grains would not stay in a uniform thin layer and that they tended to
migrate towards one end of the wrap. To solve this problem, the heat sealer was used to
create vertical wells (parallel with the edge of the wrap) in the plastic to house smaller
amounts of particulate. This confined the particulate to a smaller space and limited its
movement. A common area was left at the top of the wrap that wasn’t sealed so the
vacuum could be applied and reach the different sections of material. Figures 2.13 and
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2.14 show the two different types of wrap design developed for testing: four wells and
eight wells.

Figure 2.13: Wrap Design for Casting System
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Figure 2.14: Wrap Samples for Instron Testing

The amount of particulate placed in the wells was measured by weight to maintain
consistency. In the four well design, the amount of particulate in each well was 9.75
grams ± 0.5 g while in the eight well design there was 17.7 grams ± 0.5 g of particulate in
each well. When measured using a digital caliper, the height (or thickness) of the wraps
was 8.5 mm for the four well design and 4.75 mm for the eight well design.

Instron Testing
Two of each type of wrap was made for testing in three point bending using the
Instron model 4502 with a 10 kN static load cell using Series IX Automated Materials
Tester software Version 8.34.00. The test method number was Flexural 60 with the label
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set at 10 mm min 1/8, the input and result units were SI, and the machine control was
standard. The goal of these tests was to obtain load vs displacement data. The span
between the two bottom rolling pins was 50 mm when testing. The test continued until
the samples deformed 10 mm. To test the samples, the two four well wraps were placed
on top of each other, with the top sample overlapping the one underneath. This was done
to mimic how standard fiberglass casts are applied. As the clinician wraps the patient’s
fracture site the fiberglass strips are layered with the one on top covering 50% of the one
below it. [10] This is depicted in figure 2.15.

Figure 2.15: View from the Side of Overlapping Wrap Samples during Three Point
Bending
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The two wraps were adhered to each other with tape on either side to ensure they
did not slip off the machine while testing. Figure 2.16 shows the samples in the Instron
for testing. Both wraps were put under vacuum at the max pressure (22 in Hg) and were
connected to the vacuum pump via a splitter tube. This ensured that the vacuum was
being applied to both wraps simultaneously. The data from the Instron testing was then
imported to excel and used to produce load vs displacement curves. The entire process
was repeated for the eight well design.

Figure 2.16: Wrap Samples Undergoing Three Point Bending

Therapeutic Ultrasound’s Ability to Penetrate the Testing Material
NASA expressed interest as to whether or not therapeutic ultrasound could pass
through the casting material. This would determine whether or not a conduit for the
ultrasound probe to contact the skin would have to be incorporated into the design. To
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test how well therapeutic ultrasound traveled through the casting material, low frequency
ultrasound was sent through samples of particulate that were different thicknesses. There
were 5 samples total, each 2 in x 4 in, at thicknesses of 0.25 in, 0.5 in, 0.75 in, and 1 in.
The outer portion of the samples was made of the same polyethylene sleeve used for the
other particulate samples, and the amount of particulate placed in each sample was
measured by weight. Table 2.4 shows the amount of particulate that went in to each
sample by weight.

Thickness

Weight

0.25 in
0.5 in
0.75 in
1 in

14.1 g
25.2 g
37.1 g
41.7 g

Table 2.4: Weight of Particulate in Samples used for Ultrasound Testing

Piezo electric ceramic disc transducers with a resonant frequency of 1 MHz ± 3%
from Steiner & Martins Inc. (Steminc, SMD15T21R111WL ) were used to output the
ultrasound pulse. The discs measured 15 mm x 2.1 mm, had both electrodes on one side
(R configuration), and is approved for use as an ultrasonic sensor. These particular
sensors were chosen because of their resonant frequency of 1 MHz, which falls within the
range of therapeutic ultrasound. Figure 2.17 shows the piezo electric discs.
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Figure 2.17: Piezo Electric Ceramic Disc Transducers Used for Ultrasound Penetration
Testing

To test the penetrating power of therapeutic ultrasound through the
different layers of particulate, the sensors were placed flush with either side of the sample
with Medline Ultrasound Gel acting as a coupler between the sensor and the sample. One
of the discs was connected to a BK Precision 4012A 5 MHz Sweep/Function Generator
and was outputting a sinusoidal signal with a frequency of 1 MHz. A Tektronix TBS
1052B-EDU Digital Oscilloscope (50 MHz, 1 GS/s) was used to display the signal.
Channel 1 on the oscilloscope produced a yellow curve and was connected to the other
piezo electric disc. Channel 2 of the oscilloscope outputted a blue curve and was
connected directly to the signal produced by the function generator. As a control, the
piezo discs were placed in water and the output signal was recorded with the discs
touching and with space between them. These curves were used as baseline signals and
acted as comparisons for the signals traveling through the particulate samples. By
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comparing the amplitude of the curves to the curve generated with the discs touching, and
accounting for signal noise, we could then determine the amount of signal lost as the
ultrasound passed through the particulate and represent that as a percentage of the
original signal. Signal amplitudes were recorded and then depicted graphically to show
the correlation between ultrasound penetration through particulate and sample thickness.
Two types of samples were tested: un-vacuumed samples and vacuumed samples.
The samples were filled with ground coffee and housed in the same heat sealable
polyethylene sheath used throughout this study. The samples were 2.25 in x 4 in and were
sealed on all sides. For the vacuumed samples, the coffee was placed under a 22 inHg
vacuum and quickly sealed with a heat sealer, thus keeping the sample under vacuum
while the test was being conducted. Figure 2.18 shows examples of both the vacuumed
and un-vacuumed samples.
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Figure 2.18: A 0.25 in Thick Vacuumed Sample and a 1 in Thick Un-vacuumed Sample
for Use in Ultrasound Penetration Testing
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CHAPTER THREE
RESULTS

Materials Comparison
After obtaining load vs displacement data for all four of the particulate materials,
curves were generated to compare the data. The data was then analyzed to produce stress
strain curves and calculate the elastic modulus. Elastic modulus for all samples was
calculated from the linear portion of the stress strain curve. To ascertain the linear portion
of the stress strain curves a linear trend line was set with a correlation coefficient (R2) of
at least 0.95.The strain range for this linear trend line within each sample group was able
to be kept constant with the exception of one group. Figure 3.1 shows the load vs
displacement curves for the cylindrical particulate samples and figure 3.2 shows the
stress strain curves. Table 3.1 shows the calculated elastic modulus values for the sample.
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Figure 3.1: Load Displacement Curves for All Four Particulate Materials (Cylindrical
Samples)

Figure 3.2: Stress Strain Curves for All Four Particulate Materials (Cylindrical Samples)
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Coffee
1
2
3
4
5
Average
St. Deviation
Strain Range

Elastic Modulus Sawdust Elastic Modulus Green Clay Elastic Modulus
B Clay
Elastic Modulus
6.359
1
2.5136
1
5.3521
1
4.548
6.0529
2
2.6225
2
5.6012
2
5.218
5.5994
3
2.7352
3
5.587
3
4.28
5.9331
4
2.5454
4
5.7093
4
4.4485
5.2681
5
3.4384
5
4.8146
5
5.182
5.843
Average
2.771
Average
5.413
Average
4.735
0.421
St. Deviation
0.383
St. Deviation
0.359
St. Deviation
0.435
0.002-0.04
Strain Range
0.01-0.075 Strain Range 0.0095-0.045 Strain Range 0.0025-0.055

Table 3.1: The Elastic Modulus Values for Each of the Cylindrical Particulate Samples,
the Average Modulus for Each Material Group, Standard Deviation for the Sample
Groups, and Strain Range Where the Modulus Was Calculated

The results from the ANOVA statistical analysis and two keys test, detailed in
Figure B-1, showed that sawdust was the only material that was statistically different
from the other materials. No statistical difference was found between the clays and
coffee. This is most likely due to the lower n values of the samples and the high standard
deviation of the clay groups. The data for the coffee group, however, showed good trends
and consistently showed a higher average elastic modulus than the other three materials.
For this reasons, the main particulate used in subsequent tests was ground coffee.
The load vs displacement data and stress strain curves for the vacuumed
rectangular sheet samples (filled with ground coffee) are shown in figures 3.3 and 3.4.
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Figure 3.3: Load Displacement Curves for Vacuumed Rectangular Sheets Filled With
Coffee
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Figure 3.4: Stress Strain Curves for Vacuumed Rectangular Sheets Filled With Coffee

Load and displacement data was also analyzed for the control fiberglass samples
(both rectangular and spherical) so that it could be compared to the particulate samples
with the same geometry. Figures 3.5 and 3.6 show the rectangular fiberglass data and
figures 3.7 and 3.8 show the cylindrical fiberglass data.
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Figure 3.5: Load Displacement Curves for the Rectangular Fiberglass Sheet Samples

Figure 3.6: Stress Strain Curves for the Rectangular Fiberglass Sheet Samples
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Figure 3.7: Load Displacement Curves for the Cylindrical Fiberglass Samples

Figure 3.8: Stress Strain Curves for the Cylindrical Fiberglass Samples
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The stress strain graphs for the fiberglass control groups were then compared to
the vacuumed particulate samples of the same geometry to get a 1:1 structural
comparison. Figures 3.9 and 3.10 show these comparisons. The rectangular fiberglass
samples showed sharp declines in their curves indicating material failure. This was due to
the layers of fiberglass un-bonding and slipping past each other when the samples were
under load. Some samples remained bonded for longer periods of time which accounts
for the differences in curve shape. For this reason we only focused on the beginning of
the rectangular curves, just before failure, when comparing to the rectangular vacuumed
coffee samples.

Figure 3.9: Stress Strain Curves for Cylindrical Fiberglass Samples Compared to
Cylindrical Coffee Samples
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Figure 3.10: Stress Strain Curves for Rectangular Fiberglass Samples Compared to the
Vacuumed Rectangular Coffee Samples

The cylindrical fiberglass samples showed a more even curve with no sharp drop
offs. Because these samples were much thicker and more strongly bonded, no slipping of
the layers or bending of the samples occurred; instead, the layers of fiberglass were
crushed down under the high loads. We looked at the elastic modulus of the rectangular
fiberglass sheets and the rectangular vacuumed coffee samples because the thickness was
more akin to what you would find in a standard cast. It was expected that the fiberglass
would have a much higher elastic modulus than the coffee and this was indeed the case.
Table 3.2 shows the elastic moduli of all the rectangular samples, the averages for the
sample groups, the standard deviation and the results of a two tailed T Test. The T Test
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resulted in a P value less than 0.05 meaning the data sets were significantly different.
Figure 3.11 shows the comparison of the average elastic moduli of the two materials.

Vacuumed Sheets Elastic Modulus
1
32.05
2
18.851
3
18.817
4
39.906
5
21.136
Average
26.152
St. Deviation
9.437
Strain Range
0.00025-0.015
Fiberglass Sheets Elastic Modulus
1
403.74
2
361.84
3
305.74
4
499.07
5
358.07
6
268.24
Average
366.117
St. Deviation
80.499
Strain Range
0.0001-0.013
P Value
Two Tailed T Test
0.00001

Table 3.2: Shows the Elastic Moduli of the Rectangular Vacuumed Samples and the
Rectangular Fiberglass Samples, the Average Elastic Modulus for Each Material, the
Standard Deviation for Each Sample Set, the Strain Range Where the Modulus Was
Calculated and the Results of a Two Tailed T Test
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Figure 3.11: Average Elastic Modulus for the Rectangular Vacuumed Coffee Samples
and the Rectangular Fiberglass Samples

The load vs displacement data obtained from testing the coffee samples with
added spherical particles was also analyzed to obtain load vs displacement and stress vs
strain curves. The small and large bead data was compared to the data from testing the
original coffee samples and is shown in figures 3.12 and 3.13.
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Figure 3.12: Load Displacement Curves of Coffee with Added Spherical Particles
Compared to Original Coffee Data
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Figure 3.13: Stress Strain Curves of Coffee with Added Spherical Particles Compared to
Original Coffee Data

Table 3.3 shows the elastic moduli of all three sample sets, the averages for the
sample groups, the standard deviation and the results of two different two tailed T Tests.
The samples with added spherical particles were compared to the control group (coffee
with no added particles). Both T Tests resulted in a P value less than 0.05 meaning both
data sets were significantly different. The results from the ANOVA statistical analysis
and two keys test also showed that all three data sets were significantly different from
one another. Figure 3.14 shows the comparison of the average elastic moduli of the three
materials.
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Coffee Samples (Control)
1
2
3
4
5
Average
St. Deviation
Strain Range
Two Tailed T Test (Control
and Large Beads)

Two Tailed T Test (Control
and Small Beads)

Elastic Modulus
6.359
6.0529
5.5994
5.9331
5.2681
5.843
0.421
0.002-0.04

Coffee + Large Beads Elastic Modulus Coffee + Small Beads Elastic Modulus
1
4.458
1
3.8709
2
4.6274
2
3.6036
3
4.414
3
3.888
4
4.8605
4
3.5531
5
6.0411
5
3.4638
Average
4.88
Average
3.676
St. Deviation
0.672
St. Deviation
0.193
Strain Range
0.024-0.076
Strain Range
0.017-0.16

P Value
0.02653
P Value
0.00001

Table 3.3: The Elastic Moduli of the Coffee Samples (Control), the Coffee + Large Beads
Samples and the Coffee + Small Beads Samples, the Average Elastic Modulus for Each
Material, the Standard Deviation for Each Sample Set, the Strain Range Where the
Moduli Were Calculated and the Results of Two Different Two Tailed T Tests
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Figure 3.14: Average Elastic Modulus for the Coffee Samples (Control), the Coffee +
Large Beads Samples, and the Coffee + Small Beads Samples

Varied Vacuum
Once it was determined that coffee was the most fitting cast filler out of the four
selected materials, a single coffee sample was tested with varying vacuum. The data can
be seen in figure 3.15, figure 3.16 and table 3.4 where it is shown that a steady decrease
in elastic modulus of the material occurs as the vacuum decreases.
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Figure 3.15: Stress Strain Curves of Coffee Sample under Different Vacuum Pressures

Vacuum Pressure of Coffee
Sample (inHg)
22
15
10
5
0
Strain Range

Elastic Modulus (Mpa)
6.359
4.2721
3.1814
1.0719
0.6443
0.017-0.13

Table 3.4: Elastic Modulus of Coffee Sample under Different Vacuum Pressures
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Figure 3.16: Elastic Modulus of Coffee Sample under Different Vacuum Pressures

Fracture Stabilization Design
After load vs displacement data was obtained for the two overlaid wrap designs (4
well and 8 well), they were compared to the coffee sample at the same vacuum pressure.
Since the wrap samples were tested at a vacuum pressure of 15 inHg, they were
compared to the coffee sample tested at 15 inHg. Figure 3.17 shows the comparison of all
three samples. The four well design was found to exhibit very similar load vs
displacement data to the coffee sample at the same vacuum pressure.
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Figure 3.17: Load vs Displacement Curves for the Four Well Wrap Design, the Eight
Well Wrap Design, and the Coffee Sample Tested at 15 inHg

Ultrasound Penetration

The amount of signal that was able to pass through the different thicknesses of
particulate was calculated using the images displayed on the oscilloscope. The large
squares on the screen correspond to specific voltage values that depend on the scale in the
lower left corner of the image. Knowing the scale, the peak to peak voltage of the curves
can be calculated. Figure 3.18 shows the control signal where the two piezo discs were
touching while submerged in water, and figure 3.19 shows the signal where the discs
were submerged in water but held at a distance.
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Figure 3.18: Control Signal: Piezo electric Discs Touching While Submerged in Water –
Scale of 1.00 V
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Figure 3.19: Piezo Discs Submerged in Water but Held at a Distance – Scale of 1.00 V

Figures 3.20-22 show the baseline noise readings (piezo discs are not in contact
with anything) at different scales. The amplitude of these curves was subtracted from the
signals that passed through the particulate samples in order to obtain the true signal
amplitudes. Figures 3.23-26 show the signal that was able to pass through the different
thicknesses of un-vacuumed particulate displayed on the oscilloscope.
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Figure 3.20: Noise Signal – Scale of 500 mV

Figure 3.21: Noise Signal – Scale of 200 mV
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Figure 3.22: Noise Signal – Scale of 100 mV

Figure 3.23: Un-vacuumed 0.25 in Sample – Scale of 500 mV
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Figure 3.24: Un-vacuumed 0.5 in Sample – Scale of 100 mV

Figure 3.25: Un-vacuumed 0.75 in Sample – Scale of 200 mV
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Figure 3.26: Un-vacuumed 1 in Sample – Scale of 100 mV

Figures 3.27-30 show the signal that was able to pass through the different
thicknesses of vacuumed particulate displayed on the oscilloscope and figure 3.31 shows
how the peak to peak amplitude of the signals was calculated by subtracting the noise
signal from the sample signal.
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Figure 3.27: Vacuumed 0.25 in Sample – Scale of 200 mV

Figure 3.28: Vacuumed 0.5 in Sample – Scale of 100 mV
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Figure 3.29: Vacuumed 0.75 in Sample – Scale of 100 mV

Figure 3.30: Vacuumed 1 in Sample – Scale of 100 mV
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Figure 3.31: Calculation of the True Signal Passing Through the Samples

Percentage of the control signal that was able to pass through the casting material
(as well as the percentage of the signal that could pass through water) was recorded in
table 3.5 and represented graphically in figure 3.32. The vacuumed samples produced a
cleaner curve with a steady decrease in signal percentage as the thickness increased; on
the other hand, the un-vacuumed samples produced erratic signals that did not behave
consistently.
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Discs touching in water (Control)
Discs in water with space between
Unvacuumed Samples Thickness (in)
0.25
0.5
0.75
1
Vacuumed Samples Thickness (in)
0.25
0.5
0.75
1

Signal Amplitude (Volts)
4.8
1.4

Percentage of Control Signal
100
29.17

0.1
0.02
0.08
0.02

2.08
0.42
1.67
0.42

0.04
0.04
0.02
0.02

0.83
0.83
0.42
0.42

Table 3.5: Signal Amplitudes Obtained from Oscilloscope Images and What Percentage
They are of the Control Signal

Figure 3.32: Percentage of Control Signal that was Able to Pass Through the Different
Thicknesses of Particulate (Vacuumed and Un-vacuumed)
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CHAPTER FOUR
DISCUSSION

Conclusion
Materials Comparison
While previous studies explored the idea of determining the material properties of
tightly packed particles under a vacuum, the particles chosen for the experiment differed
greatly. The particles from previous experiments were uniform cylinders with no varying
sizes, surface textures or shapes. What we have found in literature states that particles of
varying shapes, sizes and textures actually achieve stronger and more effective
interlocking. For this reason, particles with varying sphericity, roundness, and
smoothness were chosen as candidates for fillers of the cast. [30] [31]
Ground coffee was originally chosen as a potential material because as a food
product, it is known to become tightly packed under vacuum. With initial investigation, it
was chosen as one of the potential materials to fill the cast based on many factors such as
its high availability, low cost, variable sphericity, and light weight. Previous studies
examining the behaviors of soils and particle sphericity reinforced the likelihood that
coffee would be able to produce strong particle interlocking. Literature described coffee
as having a varying sphericity, particle size, and surface roughness which helps it to lock
together and produce such a stiff material under vacuum. We were able to show that it
had the second lightest weight by volume, was the hardest of the four materials, and
when testing in three point bending under vacuum the data showed good trends. On
average, coffee showed the highest average elastic modulus. Based on the data obtained
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through this study and information from literature, we can conclude that ground coffee is
the most fitting cast particulate out of the four original selected materials.
There has been little to no characterization of the material properties of fiberglass
for the purpose of comparing it to a novel/modified casting material. Previous studies
have involved performing three point bending to compare fiberglass to Plaster of Paris or
other fiberglass brands. Also, during these tests the fiberglass was tested while wrapped
around a solid tube or core. [32] In order to have a clinically relevant comparison of
fiberglass to vacuumed sealed particulate, controls were made in different geometries and
tested using three point bending.
The cylindrical fiberglass samples, when compared to the cylindrical vacuumed
coffee samples, drastically outperformed them in terms of elastic modulus and stiffness.
This comparison was not as clinically relevant due to the fiberglass samples being much
thicker than a normal cast. The structure of the samples (being rolled tightly into a thick
cylinder) prevented the sheets of fiberglass from potentially becoming un-bonded and
slipping past one another, which is what caused the sharp drops on the rectangular
fiberglass curves. Instead, the layers of the samples were focally crushed down during
testing and required much larder loads to deform them. The vacuumed samples were also
not perfectly cylindrical in shape (calculations were made with an ellipse as a cross
section) which could have led to differences when the data was compared.
The rectangular samples, however, provided a much more realistic comparison of
materials at a clinical cast thickness (4-6 layers of fiberglass). The cross sectional area of
the samples could also be more easily controlled. From this comparison we were able to
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see more consistent stress strain curves and modulus values for both the fiberglass and
vacuumed samples. We focused on the beginning of the curves before the fiberglass
samples began to fail. The average elastic moduli, from the two rectangular data sets,
were found to be statistically different, and the modulus of the rectangular fiberglass
samples was roughly 14 times larger than the modulus of the rectangular vacuumed
samples. This ratio provides a baseline measurement that could help estimate the strength
of a future particulate vacuum sealed cast and how it would compare to a standard
fiberglass cast.
Once the baseline coffee sample data was obtained, spherical beads of different
sizes were added to make separate samples to see if having a more drastic variation in
particle size could improve the material’s modulus. The stress strain data obtained from
three point bending the samples showed that the addition of spherical particles actually
caused a decrease in the elastic modulus of the material in both cases. We believe that
due to the fact that both sizes of particles had a very high sphericity and roundness, they
caused the coffee particles to slip past each other more and cause the material to become
more unstable. This is most likely due to the lack of surface roughness or jagged edges on
the spherical particles that would allow other particles to interlock with them. This is
supported by the literature which states that the surface of the particle can greatly
influence the friction between interacting particles. The smoother a surface the less
friction occurs when it interacts with other surfaces. [33] The samples containing the
smaller spherical particles likely had the lowest modulus due to the fact that the samples
were created as 50:50 ratios by volume. The samples containing the smaller particles had
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more spherical surfaces in contact with one another which could have caused less
interlocking.

Varied Vacuum
When the vacuum was varied on the single coffee sample the elastic modulus was
found to steadily decrease as the vacuum was decreased. The stress strain curves also
stayed mostly linear in shape until the vacuum reached very low pressures. This seems to
suggest that the elastic modulus of vacuum sealed particulate (coffee in this case) is
directly correlated to the vacuum pressure applied to the sample. This trend can also be
observed in pervious tests determining the material properties of vacuum sealed particles.
When the vacuum pressure was increased on these samples with cylindrical particles a
trend was observed where the elastic modulus of the sample material also increased. [30]
[31] This study showed that the correlation between vacuum strength and material elastic
modulus does not only occur with uniform particles, but with irregular ones as well that
vary in size and shape. In this experiment, we were limited to a maximum vacuum of 22
inHg because of the particular vacuum used, however, the behavior of the data suggests
that if a more powerful vacuum was applied to the sample you could achieve a higher
modulus up to a certain limit. This is an interesting notion and could be the focus of
future testing.
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Fracture Stabilization Design
The results from testing the different wrap designs using three point bending
showed that the four well design, when overlapped, showed stiffness values comparable
to that of the thicker cylindrical coffee samples tested at the same vacuum pressure. The
eight well design on the other hand, being roughly half as thick as the four well sample,
showed a stiffness that was reduced by about fifty percent when overlapped with itself.
This correlation is important because it shows that the thinner four well design is able to
be wrapped sequentially to achieve higher stiffness values that are comparable to thicker
samples. The fact that the wrap design is much thinner allows it to remain more flexible
and malleable than a thicker design which is essential when developing a multi-use, multi
area fracture stabilization device. The wells that were incorporated into the two wrap
designs act as chambers to hold the particulate in place as well as grooves to assist with
wrapping.

Ultrasound Penetration
The percentage of the control signal that was able to penetrate through the
different layers of particulate was quite low in both the un-vacuumed samples and the
vacuumed samples no matter what the thickness. However, the vacuumed samples
provided a much more uniform and consistent curve while the signal amplitudes for the
un-vacuumed samples were more erratic. Most likely, this was due to residual air
remaining in the un-vacuumed samples interfering with the ultrasound pulse as it
attempted to travel through the sample. Literature supports this theory as air, with its
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lower acoustic impedance, reflects more of the ultrasound waves. [29] As a result, it was
much more difficult to see a clear signal and distinguish it from the background noise.
Overall, the ultrasound traveled poorly through the particulate samples with most
of the signal not reaching the piezo electric disc on the other side. This poor penetration
is likely a result of the sample’s particulate interior. The presence of multiple grains and
particles do no provide a uniform conduit for the ultrasound. Instead, the ultrasound
waves are deflected in multiple directions depending on how they hit the particles. [29]
As a result, the entire signal is not able to hit the sensor on the other side of the sample.
Based on the results of the ultrasound penetration test it is concluded that therapeutic
ultrasound operating at a frequency of 1 MHz would not be able to penetrate vacuum
sealed particulate at a strength that would be effective for the patient receiving treatment.

Study Limitations and Future Work
When designing samples for material testing, the team was limited by the
geometries that could be used, especially for the particulate samples. Rods and beams
were the least complicated structures that could be used for three point bending, but
achieving perfect cylinders or beam structures with irregular materials proved to be a
challenge. Cylindrical vacuum samples had a cross sectional area of an ellipse when
making calculations to determine material properties. So comparing these samples to the
truly cylindrical fiberglass samples was not a true 1:1 comparison. Also, all samples were
assumed to be uniform for all calculations. This could have led to sample structure
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interfering with values. In addition, the results of these tests are limited to the vacuum
pressure at which they were performed.
An actual FDA approved therapeutic ultrasound was not used in the ultrasound
penetration study due to the devices lacking ultrasound receivers. Because of this, the
amount of signal passing through the samples would not have been able to be measured.
Instead, the therapeutic ultrasound was simulated using piezoelectric discs that operated
at the same frequency.
Further collaboration with NASA on the subject of this study is expected in the
future. In particular, development of the actual casting design has been discussed as well
as discovering more viable materials to fill the cast. These materials could include
potential waste products that would be available on space missions. The design itself
would be further developed to include an access port to the skin so therapeutic ultrasound
could be applied.
More testing is also needed to fully ascertain the strength of ground coffee under
higher vacuums. This study was limited by a vacuum strength of 22 inHg. Anatomical
tests, such as flexion and extension of the wrist, could also help to further quantify the
strength and effectiveness of the layered wrap designs.
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Appendix A
Sphericity and Roundness Chart

Figure A-1: This figure shows how to characterize particle shape based on sphericity and
roundness. The dotted lines that are shown going diagonally correspond to ρ = (R+S)/2
(constant particle regularity). [7]
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Appendix B
ANOVA Statistical Analysis for Materials Selection
Material Comparison (Coffee, Sawdust, Green Clay, Bentonite Clay)
Oneway Analysis of Elastic Modulus By Material

Oneway Anova
Summary of Fit
Rsquare
Adj Rsquare
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.876951
0.853879
0.461018
4.651265
20

Analysis of Variance
Source

DF

Material
Error
C. Total

3
16
19

Sum of
Squares
24.235461
3.400596
27.636057

Mean Square

F Ratio

Prob > F

8.07849
0.21254

38.0098

<.0001*

Means for Oneway Anova
Level
B
C
G
S

Number
5
5
5
5

Mean
4.86930
5.48030
5.46266
2.79280

Std Error
0.20617
0.20617
0.20617
0.20617

Lower 95%
4.4322
5.0432
5.0256
2.3557

Std Error uses a pooled estimate of error variance
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Upper 95%
5.3064
5.9174
5.8997
3.2299

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q*
2.86102

Alpha
0.05

HSD Threshold Matrix
Abs(Dif)-HSD
C
C
-0.8342
G
-0.8166
B
-0.2232
S
1.8533

G
-0.8166
-0.8342
-0.2408
1.8357

B
-0.2232
-0.2408
-0.8342
1.2423

S
1.8533
1.8357
1.2423
-0.8342

Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
C
G
B
S

Mean
5.4803000
5.4626600
4.8693000
2.7928000

A
A
A
B

Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
C
G
B
C
G
C

- Level
S
S
S
B
B
G

Difference
2.687500
2.669860
2.076500
0.611000
0.593360
0.017640

Std Err Dif
0.2915731
0.2915731
0.2915731
0.2915731
0.2915731
0.2915731

Lower CL
1.85330
1.83566
1.24230
-0.22320
-0.24084
-0.81656

Upper CL
3.521697
3.504057
2.910697
1.445197
1.427557
0.851837

p-Value
<.0001*
<.0001*
<.0001*
0.1965
0.2166
0.9999

Note: C = Coffee
S = Sawdust
B = B Clay
G = Green Clay

Figure B-1: This figure depicts a statistical analysis of the elastic modulus of the four
potential cast particulates: Coffee, Green Clay, Bentonite Clay, and Sawdust
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Material Comparison (Coffee With Added Spherical Beads)
Oneway Analysis of ELASTIC MODULUS By BEAD SIZE

Oneway Anova
Summary of Fit
Rsquare
Adj Rsquare
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.815611
0.784879
0.471184
4.799527
15

Analysis of Variance
Source

DF

BEAD SIZE
Error
C. Total

2
12
14

Sum of
Squares
11.784417
2.664167
14.448584

Mean Square

F Ratio

Prob > F

5.89221
0.22201

26.5398

<.0001*

Means for Oneway Anova
Level
C
CL
CS

Number
5
5
5

Mean
5.84250
4.88020
3.67588

Std Error
0.21072
0.21072
0.21072

Lower 95%
5.3834
4.4211
3.2168

Upper 95%
6.3016
5.3393
4.1350

Std Error uses a pooled estimate of error variance

Means Comparisons
Comparisons for all pairs using Tukey-Kramer HSD
Confidence Quantile
q*
2.66776

Alpha
0.05

HSD Threshold Matrix
Abs(Dif)-HSD
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C
CL
CS

C
-0.7950
0.1673
1.3716

CL
0.1673
-0.7950
0.4093

CS
1.3716
0.4093
-0.7950

Positive values show pairs of means that are significantly different.

Connecting Letters Report
Level
C
CL
CS

Mean
5.8425000
4.8802000
3.6758800

A
B
C

Levels not connected by same letter are significantly different.

Ordered Differences Report
Level
C
CL
C

- Level
CS
CS
CL

Difference
2.166620
1.204320
0.962300

Std Err Dif
0.2980026
0.2980026
0.2980026

Lower CL
1.371621
0.409321
0.167301

Upper CL
2.961619
1.999319
1.757299

p-Value
<.0001*
0.0043*
0.0184*

Note: CS = Coffee + Small Beads
CL = Coffee + Large Beads

Figure B-2: This figure depicts a statistical analysis of the elastic modulus of the
cylindrical coffee samples with added spherical particles (large and small)
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